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ABSTRACT 
I-A2049-28 
An e m p i r i c a l  method i s  p resen ted  f o r  t a k i n g  e n t r a n c e  e f f e c t s  
i n t o  account  i n  computing f low rates and load-car ry ing  c a p a c i t i e s  of c i r -  
c u l a r  t h r u s t  b e a r i n g s .  Because of t h e  l i m i t e d  d a t a  on which i t  i s  based ,  
t h e  method i s  a p p l i c a b l e  on ly  t o  b e a r i n g s  having a n  0.020-in. d i ame te r  
supply  h o l e ;  b u t  i t  can b e  gene ra l i zed  when d a t a  f o r  o t h e r  supply  h o l e  
d i ame te r s  are ob ta ined .  When a p p l i e d  t o  t h e  geometry f o r  which experimen- 
t a l  d a t a  w e r e  a v a i l a b l e ,  t h e  procedure y i e l d e d  v a l u e s  of f low ra te  and 
load  f a l l i n g  w i t h i n  approximately 10 p e r  c e n t  of t h e  expe r imen ta l  v a l u e s .  
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NOMENCLATURE 
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a 
db 
d 
0 
h 
m 
P 
r 
b r 
r 
0 
n 
T 
W 
Veloc i ty  of sound. 
Outer d iameter  of b e a r i n g  (2 r ) .  
Diameter of bea r ing  gas  supply  h o l e  (2 r ). 
Bearing c l e a r a n c e .  
Mass r a t e  of g a s  flow. 
Gas p r e s s u r e .  
R a d i a l  coord ina te .  
Outer r a d i u s  of bea r ing .  
Radius of bea r ing  gas  supply  h o l e .  
b 
0 
5 2 
Un ive r sa l  gas  cons t an t  (2.55 x 10 i n . 2 / s e c  deg F, f o r  N2). 
Absolu te  tempera ture  of gas  (OR). 
Load-carrying c a p a c i t y  of bea r ing .  
GREEK SYMBOLS 
Y cp/cv  
p Dens i ty  of gas .  
i ~ .  V i s c o s i t y  of gas. 
SUBSCRIPTS 
a Ambient c o n d i t i o n s .  
b R e f e r s  t o  bear ing.  
c I n d i c a t e s  "choked" flow. 
C Computed va lue .  
ii 
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NOMENCLATURE (CONT. ) 
n Nominal va lue .  
o Supply cond i t ions .  
t T h e o r e t i c a l  v a l u e .  
SUPERSCRIPTS 
* Condi t ions  a t  t h r o a t .  
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1 .  INTRODUCTION 
A procedure  i s  presented  f o r  t a k i n g  e n t r a n c e  e f f e c t s  i n t o  account  
i n  computing f low rates and load-car ry ing  c a p a c i t i e s  of c i r c u l a r  t h r u s t  
b e a r i n g s .  
The a n a l y s i s  i s  based on t h e  d a t a  g iven  i n  Ref.  1 f o r  a 2,800-in.  
diameter* c i r c u l a r  t h r u s t  bea r ing  having a n  0,020-in.  d i ame te r  supply  h o l e .  
The procedure  t o  be d e s c r i b e d  pe rmi t s  one t o  t a k e  e n t r a n c e  e f f e c t s  i n t o  
account  i n  t h e  computat ion of load-car ry ing  c a p a c i t y  and f low r a t e  f o r  a 
g iven  cho ice  of bea r ing  diameter  and c l e a r a n c e .  Because of t h e  l i m i t e d  
d a t a  on which i t  i s  based ,  t h e  method is a p p l i c a b l e  on ly  t o  c i r c u l a r  
t h r u s t  b e a r i n g s  having a n  0.020-in. d i ame te r  supply  h o l e ,  b u t  i t  can  b e  
g e n e r a l i z e d  when exper imenta l  d a t a  f o r  supply  h o l e s  of o t h e r  d i a m e t e r s  
become a v a i l a b l e .  It i s  a l s o  p o s s i b l e  t o  extend t h e  scheme f o r  a p p l i c a t i o n  
t o  b e a r i n g s  of o t h e r  t ypes .  
While t h e  p r e s e n t  a n a l y s i s  i s  a n  improvement of one g iven  i n  
Ref.  1 ( S e c t i o n  7.2.5), it should b e  regarded  as a n  i n t e r i m  r e s u l t  due t o  
t h e  l i m i t e d  d a t a  on which i t  is  based.  
* The d iame te r  w a s  g iven  e r roneous ly  as 2.750 i n .  i n  Reference  1. 
. 
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2. ANALYSIS 
2.1 Experimental Basis 
The f i r s t  requirement  i n  t h e  development of t h e  d e s i g n  scheme 
w a s  t o  f i n d  a way of expres s ing  t h e  in fo rma t ion  conta ined  by t h e  experimen- 
t a l  d a t a  i n  a u s e f u l  non-dimensional form. 
i t  w a s  found convenient  t o  d i s p l a y  t h e  load  d a t a  by d e f i n i n g  a r a d i u s ,  
as shown i n  F i g u r e  1. The s i g n i f i c a n c e  of t h e  r and a p r e s s u r e ,  
d e f i n i t i o n  of r and p i s  t h e  fo l lowing .  The a c t u a l  p r e s s u r e  p r o f i l e  
i s  r ep laced  by a completely laminar  p r o f i l e  by e x t r a p o l a t i n g  t h e  laminar  
p o r t i o n  of t h e  t r u e  p r o f i l e  t o  a r a d i u s  r such t h a t ,  exc luding  any con- 
t r i b u t i o n s  f o r  r<r t h e  c a l c u l a t e d  load  c a r r y i n g  c a p a c i t y  f o r  t h e  new 
p r e s s u r e  p r o f i l e  e q u a l s  t h e  v a l u e  of load  determined by experiment  dimin- 
i s h e d  by t h e  c o n t r i b u t i o n  f o r  r<r .* T h i s  procedure  r e s u l t e d  i n  p a r t  from 
t h e  o b s e r v a t i o n  t h a t  t h e  t r u e  p r e s s u r e  p r o f i l e s  were laminar  excep t  i n  
s m a l l  areas n e a r  t h e  edge of t h e  supply  h o l e .  
A f t e r  t r y i n g  several v a r i a t i o n s ,  
'e e' 
e e 
e 
e' 
0 
A p l o t  of r /r  vs. p /p  i s  g iven  i n  F i g u r e  2 f o r  a 2.800-inch e o  o e  
d i ame te r  t h r u s t  bea r ing  having a square-edged supply  h o l e  of d i ame te r  
0.020 inch .  The equa t ion  of t h e  l i ne  drawn through t h e  d a t a  p o i n t s  is  
r /ro = 1 .2  e (Po/Pe) - 0.2 
Because of d i f f i c u l t i e s  a s s o c i a t e d  w i t h  T e s t  10 ,  t h e  v a l i d i t y  of t h e  d a t a  
p o i n t  c o n t r i b u t e d  by i t  is  i n  doubt ;  t h e r e f o r e  i t  w a s  d i s r ega rded  i n  draw- 
i n g  t h e  l i n e .  It may b e  noted t h a t  t h e  a v a i l a b l e  d a t a  w e r e  such  t h a t  t h e  
s lopeof  t h e  l i n e  is  determined mos t ly  by t h e  p o i n t s  f o r  t h e  l a r g e s t  clear- 
ance ,  1 . 6  m i l .  
*See equa t ion  i n  c a p t i o n  of F igu re  1 and t h e  sample computat ion i n  Appendix A. 
The procedure  h a s  been app l i ed  o n l y  t o  square-edged supply  h o l e s ;  w i t h  s l i g h t  
m o d i f i c a t i o n  i t  could  b e  app l i ed  t o  o t h e r  t ypes  o f  h o l e s  a l s o .  
**Note t h a t  t h e  l i n e  w a s  drawn s o  re = ro when P = Po- e 
- 2 -  
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Our n e x t  s t e p  was t o  seek a g e n e r a l  r e l a t i o n  f o r  t h e  f low d a t a .  
In  F i g u r e  3 ,  t h e  f low parameter m/m 
pe/po. 
ra te  f o r  choked f low through t h e  t h r o a t  of t h e  bear ing .*  
has  been drawn on t h e  same graph f o r  t h e  i s e n t r o p i c  f low r e l a t i o n .  
h a s  been p l o t t e d  as a f u n c t i o n  of 
C 
Here m i s  t h e  measured flow ra te ,  and mc i s  t h e  computed f low 
A dashed cu rve  
While t h e r e  i s  s u b s t a n t i a l  d e v i a t i o n  between t h e  expe r imen ta l  cu rves  and 
t h e  i s e n t r o p i c  f low r e l a t i o n ,  it proved t o  b e  u s e f u l  t o  a c c e p t  Equat ion  (2) 
as an approximate ly  g e n e r a l  r e l a t i o n  f o r  t h e  expe r imen ta l  f low d a t a .  
Th i s  means t h a t  w e  are imagining t h e  h y p o t h e t i c a l  b e a r i n g ,  t h a t  h a s  a 
comple te ly  laminar  p r e s s u r e  p r o f i l e ,  w i t h  p = 
from a r e s e r v o i r  a t  p r e s s u r e  p 
e x i t ,  where t h e  p r e s s u r e  i s  p . The channe l  e x i t  c o i n c i d e s  w i t h  t h e  en- e 
t r a n c e  t o  t h e  b e a r i n g  f i l m  a t  r = r . e 
regarded  on ly  as an approximate way of r e p r e s e n t i n g  t h e  l o s s e s  due t o  
e n t r a n c e  e f f e c t s .  
a t  r = r as be ing  f e d  'e e' 
th rough a channel  having  a t h r o a t  a t  i t s  
0' 
This  p h y s i c a l  p i c t u r e  should b e  
2.2 Development o f  Equations 
Having prepared  the  above ground, w e  can now o u t l i n e  t h e  computa- 
We w i l l  l is t  t h e  s t e p s  which are r e q u i r e d  and t h e n  t i o n  procedure .  
develop t h e  necessa ry  equa t ions .  The s t e p s  are as fo l lows :  
*See Equat ion  ( 4 )  
I .4 
I .2 
1.a 
0. a 
E" 
\ 
E 
0.6 
0.4 
0.2 
a 
- EXPERIMENTAL 
0-- ISENTROPIC FLOW THEORY, EQ(2)  
I 1.2 
Fig.  3 - Graph of m/mc vs.  pe/po for Circular Thrust Bearing With Square-Edged 
Supply Hole. 
1: = 0,010 in. 
r = 1.400 in. 
0 
b 
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1. Determine t h e  p r o p e r t i e s  of t h e  supply gas :  y ,  R, po,  To. 
(The ex i t  p r e s s u r e  and tempera ture ,  a t  r = r , were assumed t o  be 
p a and Ta.) 
b 
2 .  Choose t h e  bea r ing  geometry: r o $  
(L imi t a t ions  on geometry are d i scussed  below.) 
3 .  Determine p /p  by r e q u i r i n g  t h a t  t h e  f low ra te ,  computed wi th  
e o  
t h e  i s e n t r o p i c  r e l a t i o n  (Eq. 2 ) ,  be  e q u a l  t o  t h e  t h e o r e t i c a l  f low 
rate through a c i r c u l a r  t h r u s t  bea r ing  having compress ib le ,  
v i s c o u s ,  i so the rma l  flow throughout  t h e  gas  f i l m .  
r e q u i r e s  t h e  use  of Eq.  1, as i s  shown below.) 
(This  s t e p  
4 .  Compute t h e  load-carrying c a p a c i t y  f o r  t h e  laminar  p r e s s u r e  
p r o f i l e  (F igu re  1). 
The equa t ions  necessary  t o  c a r r y  ou t  t h e  above s t e p s  are devel-  
oped as fo l lows :  
For compress ib le ,  v i scous ,  i so the rma l  f low through a c i r c u l a r  
t h r u s t  b e a r i n g  having a p res su re  p a t  t h e  e n t r a n c e  t o  t h e  g a s  f i l m ,  e 
r = r t h e  f low rate  i s  given by e'  
2 - 2) . 3 ITh "b = 12p6iTaln(rb/re) ('e 'a 
The formula f o r  choked f low through a bea r ing  having a supply  p r e s s u r e  
p and a t h r o a t  a t  t h e  per imeter  of a square-edged supply  h o l e  of r a d i u s  
0 
r i s  
0 1 
1 I 3  I 
A I  L 2 (Y-1) 
m C = 2nrohp*a* = 2'rrrohpo (,+i> [ ($) YaO] 
For p w e  can w r i t e  
0 
(3 )  
( 4 )  
. 
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For  n i t r o g e n ,  t h e  gas  used i n  our exper iments ,  w e  have** 
y = 1.404 
f2 = 2.55 x 10 ( i n  /sec OR) 
1.1 = 2.56 x 10-9(T/528)1/2 
5 2  2 
2 ( l b  s e c / i n .  ) .  
Assuming t h a t  t h e  tempera ture  i n  t h e  g a s  f i l m  i s  a c o n s t a n t  
T = T  = T  
0 a 
w e  can  combine Equat ions  ( 3 ) ,  (4)  and (5)  t o  o b t a i n  t h e  fo l lowing  r e l a t i o n  
f o r  n i t r o g e n :  
I f  Equat ion  (1) i s  used t o  replace re/ro i n  t h e  above equa t ion ,  t h e  re- 
s u l t i n g  e x p r e s s i o n  f o r  m /m has  on ly  one unknown, p , /~, .  By s e t t i n g  b c  
as i n d i c a t e d  i n  S tep  3 ,  w e  o b t a i n  a r e l a t i o n  which can b e  so lved  f o r  
pe/po. 
program was w r i t t e n  t o  o b t a i n  t h e  v a l u e s  of p /p  . 
Equat ion  (2) w a s  used f o r  m/mc i n  Equat ion  ( 7 ) ,  and a computer 
e o  
Now c o n s i d e r  a c i r c u l a r  t h r u s t  b e a r i n g  having a square-edged 
supply  h o l e  of r a d i u s  r 
e x i t  p r e s s u r e  p . (See F igure  1). Assuming a laminar  p r e s s u r e  p r o f i l e  
and fo l lowing  t h e  theo ry  of Reference  2 ,  t h e  t h e o r e t i c a l  load  c a r r y i n g  
c a p a c i t y  , W,, can b e  shown t o  b e  
o u t e r  r a d i u s  rb, p r e s s u r e  p a t  r = r , and e’ e e 
a 
n 
**See S e c t i o n  6 of Reference 1. 
- 8 -  
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where 1 - (Palpe) 2 
A =  I n  ( rb / r e )  
F i n a l l y ,  r e c a l l i n g  how r and p were def ined* ,  w e  can o b t a i n  t h e  v a l u e  
of l o a d ,  Wc, t h a t  should correspond t o  t h e  t r u e  v a l u e  f o r  t h e  a c t u a l  
bea r ing  geometry, as fo l lows :  
e e 
2 - pa> - v r  (P, - pa) 2 t 0 e wc = + ITr 
(9)  
2.3 Range o f  Application 
Because t h e  s e l e c t i o n  of Equat ions  (1) and (2) w a s  based on 
expe r imen ta l  d a t a  f o r  a s i n g l e  b e a r i n g ,  t h e  above a n a l y s i s  does n o t  have 
g e n e r a l  a p p l i c a b i l i t y .  
a f t e r  t h e  program of measurements desc r ibed  i n  Reference  (1) i s  completed.  
A t  p r e s e n t ,  t h e  method can b e  app l i ed  on ly  t o  c i r c u l a r  t h r u s t  b e a r i n g s  
having an  a x i a l ,  square-edged supply  h o l e  of 0.020-in.  d i ame te r .  Argu- 
ments based on d imens iona l  a n a l y s i s  can b e  se t  f o r t h  t o  show t h a t  t h e  
p l o t s  of re/ro vs.  po/pe and m/mc v s .  p /p 
independent  of r /r  
d iame te r ,  db = 2rb .  
t h e  g r e a t e r  w i l l  be  t h e  re la t ive importance of e n t r a n c e  e f f e c t s ;  and 
t h e r e f o r e  t h e  less a c c u r a t e  w i l l  b e  t h e  r e s u l t s  ob ta ined  by t h e  above 
scheme. 
It w i l l  be p o s s i b l e  t o  g e n e r a l i z e  t h e  method 
(F igu res  2 and 3)  should b e  
Therefore ,  t h e r e  i s  no l i m i t a t i o n  OR t h e  b e a r i n g  
b’ 
e o  
b 0’ 
It must b e  remembered however tha t  t h e  smaller r 
*See t h e  s u b t i t l e  of F i g u r e  1. 
**An example of t h e  computation of m,, and W i s  g iven  i n  Appendix A .  C 
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3. DISCUSSION OF RESULTS 
The d e s i g n  method desc r ibed  above w a s  used t o  compute f low 
rates and l o a d s  f o r  t h e  cond i t ions  of t h e  exper imenta l  tests,  and t h e  
computed v a l u e s  were compared t o  t h e  exper imenta l  v a l u e s .  The r e s u l t s  
are d i sp layed  i n  F i g u r e s  4 and 5. We see t h a t  t h e  computed v a l u e s  of 
f low ra te  and load  were most ly  w i t h i n  10% of t h e  expe r imen ta l  v a l u e s .  
The above a n a l y s i s  was conducted p r i m a r i l y  t o  de te rmine  
whether  any change i n  procedure should  be  made i n  t h e  tests t h a t  remain 
t o  b e  run .  The main change decided upon i s  t h a t  p r e s s u r e  p r o f i l e s  w i l l  
b e  ob ta ined  w i t h  less d e t a i l  than t h o s e  r epor t ed  i n  Reference  1. S ince  
t h e  p r e s s u r e  p r o f i l e s  are used mainly f o r  computation of t h e  load  supported 
by t h e  b e a r i n g ,  any d e t a i l  which does  n o t  i n c r e a s e  t h e  accuracy  of t h i s  
computat ion i s  unnecessary.  Without reducing  t h e  u s e f u l n e s s  of t h e  d a t a ,  
t h i s  w i l l  permi t  a r e d u c t i o n  i n  t i m e  r e q u i r e d  p e r  t es t .  
1.4 
1.2 
1.0 
0.4 
0.2 
h,(mil) 
0 0.2 
b 0.4 
0 0 . 8  
0 1.6 
0 
0 0.2 0.4 0.6 0.8 1.0 1.2 
m/mc (experimental 1 
Fig.  4 - Comparison o f  Computed and Experimental Values o f  Flow Rate. 
r = 0.010 in. 
r = 1.400 in. 
0 
b 
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4. Conclusion 
A method f o r  t a k i n g  account  of e n t r a n c e  e f f e c t s  i n  b e a r i n g  
d e s i g n  h a s  been desc r ibed .  When a p p l i e d  t o  c o n d i t i o n s  f o r  which expe r i -  
menta l  d a t a  were a v a i l a b l e  t h e  computed v a l u e s  of f low r a t e  and load  
were most ly  w i t h i n  10% of t h e  expe r imen ta l  v a l u e s .  A p p l i c a b i l i t y  of t h e  
method i s  l i m i t e d  a t  p r e s e n t  by t h e  f a c t  t h a t  t h e  expe r imen ta l  d a t a  on which 
i t  i s  based were obta ined  w i t h  on ly  one bea r ing  geometry. T h i s  method 
can be  g e n e r a l i z e d ,  however, a f t e r  t h e  tes t  program i s  completed.  
- 13 - 
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5. Plans  
Completion of t h e  exper imenta l  program d e s c r i b e d  i n  Reference  1 
h a s  been delayed p r i m a r i l y  by d i s r u p t i o n s  imposed when t h e  L a b o r a t o r i e s  
were moved t o  a new b u i l d i n g .  
some improvements made. The bear ing  s u r f a c e s  were r e f i n i s h e d ,  and a new 
supply  h o l e  w a s  d r i l l e d .  
of t h e  r e s u l t s  w i l l  be  postponed u n t i l  t h e  e n t i r e  program i s  completed.  
It i s  a n t i c i p a t e d  t h a t  t h i s  w i l l  be  accomplished i n  1967. 
The a p p a r a t u s  h a s  been reassembled and 
While some tests have been conducted,  r e p o r t i n g  
I - -  D .  D .  F u l l e r  
P r o j e c t  Engineer  
0. Decker,  Manager 
F r i c t i o n  & L u b r i c a t i o n  Laboratory 
s. p. Carfagno 
S r .  S t a f f  P h y s i c i s t  
\ Z.\ Zudans 
Techn ica l  D i r e c t o r  
Mechanical & Nuclear  
Engineer ing  Div i s  i o n  
. 
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APPENDIX A 
SAMPLE COMPUTATIONS 
A-1. Example o f  Computations f o r  re and p,. 
We s h a l l  c o n s i d e r  T e s t  6 of Reference  1 as an example f o r  il- 
l u s t r a t i n g  t h e  computation of the v a l u e s  of re/ro and pe/po p l o t t e d  i n  
F i g u r e  2. 
From page 27 and Table 7 . 2  of Reference  1, we have t h e  follow- 
i n g  in fo rma t ion  
r = 0.010 in .  
r = 1.375 i n .  
h = h = 0.876 m i l  
po = 65 p s i a .  
P a  
exp 
0 
b 
C 
= 14.80 p s i a  
= s l o p e  of s t r a i g h t - l i n e  p o r t i o n  S 
of p l o t  of  (p/pa)2 vs In (r/rb)= - 1.837 
W = exper imenta l  l oad  = 
From t h e  s l o p e  of t h e  s t r a i g h t - l i n e  p o r t i o n  
31.42 l b .  
2 
of t h e  p l o t  of (p/p a ) vs 
I n  ( r / r b )  and t h e  f a c t  t h a t  p = p a t  r = r b '  i t  f o l l o w s  t h a t  a 
( p / ~ , ) ~  = 1 - 1.837 In ( r / r b ) .  
Th i s  e x p r e s s e s  t h e  r e l a t i o n  between p and r over  t h e  laminar  p o r t i o n  of 
t h e  p r e s s u r e  p r o f i l e .  
have 
Using t h e  r e l a t i o n  a t  t h e  bottom of F i g u r e  1, we 
b r 
2 2 2 21~prd r  - n ( r b  - re) pa = 31.42 -  IT^ (Po - Pa> I 0 r e 
Ai 
(A-1) 
(A-2) 
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8 .  I f  w e  u s e  Equation (A-1) t o  expres s  p i n  terms of r i n  Equat ion  (A-2), w e  
o b t a i n  a r e l a t i o n  i n  which eve ry th ing  is  known excep t  r . A computer 
program w a s  prepared  t o  s o l v e  Equation (Ar2).  For T e s t  6 ,  t h e  s o l u t i o n  
w a s  re/ro = 1.611. 
t h i s  i n t o  Equat ion  (A-1) y i e l d s  pe/p 
= 0.6915. Pe'po 
p l o t t e d  i n  F i g u r e  2 .  
e 
It f o l l o w s  t h a t  re/r = 0.01172; and s u b s t i t u t i o n  of b 
= 3.028, from which i t  f o l l o w s  t h a t  a 
The p o i n t  po/pe = 1.446, re/ro = 1.611 i s  one of t h o s e  
A-2 Sample Design Computation. 
We s h a l l  a g a i n  u s e  Test  6 ,  Reference  1, as an example. Following 
t h e  procedure  o u t l i n e d  i n  Sec t ion  2.2, w e  choose 
y = 1.404 
r = 0.010 i n .  
r = 1.375 i n .  b 
h = 0.876 m i l  
T = 77'F = 537'R 
0 
Combining Equat ions  (11, (21, (6) and (71, w e  have 
Using a computer t o  s o l v e  Equation (A-3) ,  w e  ob ta ined  t h e  s o l u t i o n  
pe/po = 0.6899. 
e o  
Now, a l l  t h e  q u a n t i t i e s  i n  Equations ( 6 ) ,  ( 8 ) ,  (9), and (10) are known. 
Again u s i n g  a computer, w e  ob ta ined  t h e  fo l lowing  v a l u e s  
S u b s t i t i o n  of t h i s  i n t o  Equat ion  (1) y i e l d s  I' /r = 0.6279. 
and 
= 0.9397 
Wc = 30.65 l b .  
mb/mc 
A2 
e FRANKLIN INSTITUTE RESEARCH LABORATORIES 
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S ince  m = 2.07 x l b  sec / in .*  we have 
C 
-7 y, = 1.945 x 10 l b  sec/in.  
These computed v a l u e s  of load  and f l o w  rate are w i t h i n  a few p e r c e n t  of 
t h e  expe r imen ta l  v a l u e s ,  which were* 
and 
m = 2.02 x lo-’ Ib s e c / i n .  
W = 31.42 l b .  
*See Table 7 .2 ,  Reference  1. 
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